There is evidence that hourly variations in exposure to airborne particulate matter ( PM ) may be associated with adverse health effects. Still there are only few published data on short -term levels of personal exposure to PM in community settings. The objectives of the study were to assess hourly and shorter -term variations in personal PM 2.5 exposure in Helsinki, Finland, and to compare results from portable photometers to simultaneously measured gravimetric concentrations. The effect of relative humidity on the photometric results was also evaluated. Personal PM 2.5 exposures of elderly persons were assessed for 24 h every second week, resulting in 308 successful measurements from 47 different subjects. Large changes in concentrations in minutes after cooking or changing microenvironment were seen. The median of daily 1 -h maxima was over twice the median of 24 -h averages. There was a strong significant association between the two means, which was not linear. Median ( 95th percentile ) of the photometric 24 -h concentrations was 12.1 ( 37.7 ) and of the 24 -h gravimetric concentrations 9.2 ( 21.3 ) g / m 3 . The correlation between the photometric and the gravimetric method was quite good ( R 2 = 0.86 ). Participants spent 94.1% of their time indoors or in a vehicle, where relative humidity is usually low and thus not likely to cause significant effects on photometric results. Even outdoors, the relative humidity had only modest effect on concentrations. Photometers are a promising method to explore the health effects of short -term variation in personal PM 2.5 exposure.
Introduction
Many epidemiological studies have shown that daily changes in the amount of ambient particulate matter (PM ) are associated with morbidity and mortality (Vedal, 1997; Pope and Dockery, 1999 ) . In most of the studies, exposures have been assessed as daily means. There is new evidence that also shorter-term exposures can have health effects and that these effects can be quite immediate. Decreased heart rate variability has been observed within hours after exposure to PM 2.5 ( Gold et al., 2000) . Just 1 -h exposure to diesel exhaust has been found to cause inflammatory reactions in 6 h ( Salvi et al., 1999 ) . Maximum 1-h and 8 -h PM 10 concentrations have been reported to have larger effects on asthma symptoms than 24 -h means ( Delfino et al., 1998 ) . These new observations indicate that daily mean may not always be the most appropriate measure of exposure to PM.
The evidence on the health effects of low levels of PM comes from studies mainly using fixed outdoor monitoring site data. However, the relative importance of PM from different indoor and outdoor sources on health effects is mostly unknown. Daily total exposures to PM can be estimated more accurately using personal or indoor measurement systems, as people spend most of their time indoors. It is known that personal activities indoors ( Abt et al., 2000 ) and local traffic outdoors ( Alm et al., 1999 ) can cause short -term concentration peaks in personal exposures. Still there are few studies estimating continuous personal exposure in community settings.
Epidemiological evidence on the health effects of PM, and thus also air quality standards, are mainly based on 24 -h gravimetric measurements of PM. The time resolution of gravimetric techniques cannot be much improved because there has to be enough mass on the filter for weighing. In practice, the minimum measurement period is 12 h for gravimetric personal measurements.
In contrast, photometers are capable of measuring PM concentrations in real time. Some of them are lightweight, silent, and able to operate without external power supply for 24 h, making them ideal for personal measurements. For given PM in given environmental conditions, the photometers can be calibrated to correspond to gravimetric measurements. However, the correlation between photometric and gravimetric concentrations is weakened when the particle size distribution or refractive index of aerosol material changes during or between measurements. Increase in relative humidity of air also weakens the correlation by increasing the diameters and changing the refractive properties of particles, thus increasing the photometric readings (McMurry et al., 1996; Day et al., 2000 ) .
The objectives of the study were to produce information on short -term variation of personal PM 2.5 exposure, and to compare photometric results to gravimetric results in field conditions. Effect of relative humidity on the photometric results was also evaluated.
Methods and feasibility
The continuous personal exposure measurements were done in Helsinki, Finland, between 1 November 1998 and 30 April 1999. Participants were elderly, nonsmoking people taking part in a larger epidemiological study ( Janssen et al., 2000) .
Forty -nine participants carried the measurement case biweekly during the 24 h preceding a clinical visit. Researchers delivered the cases to the participants' homes usually between 08:30 and 17:00 h. Measurements were conducted from Sunday to Friday, and one to six participants were monitored on the same day.
The personal sampling system used is shown in Figure 1 . An aluminum case contained in series a PM 2.5 cyclone ( Gk 2.05 KTL, BGI, Waltham, MA ), a datalogging photometer ( pDR -1200 X, MIE, Bedford, MA ), a filter holder ( M000037A0, Millipore, Bedford, MA ) with a 37-mm, 2-m pore size, Teflon filter ( SA240PR100, Andersen Instruments, Smyrna, GA ) and a pump (AFC400S, BGI ). The case weighed 4.1 kg. The sampler was able to record photometric PM concentrations and collect a gravimetric sample at the same time. The eight photometers used were set to record 1 -min average concentrations. The gravimetric method gave 24 -h average concentrations.
The filters were weighed using a Mettler MT5 microbalance (Mettler-Toledo, Greifensee, Switzerland) with 1 -g reading. Static electricity was controlled using a Po -210 deionizer. The gravimetric analysis method used in the study has been described in detail by Janssen et al. ( 2000 ) , and the buoyancy correction method applied for the filter weights by Koistinen et al. ( 1999 ) .
In MIE personalDataRAM ( MIE, 1997) the lightscattering sensing configuration has been optimized for the measurement of the respirable fraction of the PM. The particle size range of maximum response is from 0.1 to 10 m. The photometer covers a measurement range from 1 g/m 3 to 400 mg /m 3 (scattering coefficient range 1.5Â10
À 6 m À 1 to 0.6 m À 1 ). The instruments used were preproduction versions of the active sampling model pDR -1200. They were factory calibrated with ISO Fine test dust (mass median diameter 2-3 m, bulk density 2.6 g /cm 3 , refractive index 1.54 ).
Sampling flow rate was 4 ( ± 0.4) l/min. The flows were adjusted in the beginning of each measurement period using a bubble calibrator (M -30, Buck, Orlando, FL ), and checked again after each measurement. The photometers were zeroed using HEPA -filters provided by the manufacturer. This was done first once a month, but after zero drift was observed in one photometer in January, the zero levels were checked before every measurement and zeroing was done if necessary.
Fourteen duplicate measurements were done to evaluate the precision of photometric and gravimetric methods. Six of those were measured indoors, four outdoors and four were personal measurements with both indoor and outdoor periods. Median (max ) absolute difference between paired photometric measurements was 1.1 ( 3.9) g/m 3 , and between the corresponding paired gravimetric measurements 0.5 ( 1.7) g/m 3 . Median coefficient of variance was 6.7% for photometric duplicates and 3.8% for gravimetric duplicates. Altogether 500 continuous personal exposure measurements were accomplished during the study. However, during the second month of the study a problem in the technical design of the case was detected: it had been made too tight, and part of the exhaust air escaped near the inlet of the cyclone. Thus, some of the ''cleaned air'' returned to the measurement system and the collected masses were too low. The design failure was corrected and starting in the beginning of January, 357 measurements were done with fixed cases.
A power supply problem with the photometers had been solved before the design failure was noticed. The photometers run normally with one internal 9 -V battery. However, the power of alkaline batteries used was not always sufficient to achieve a full 24 -h measurement. To solve the problem, participants were first instructed to connect the photometer to the mains voltage for nighttime. However, occasionally there was a momentary power breakdown at the moment the plug was connected, which led to stopping of the measurement. Therefore, a separate battery holder for two 9 -V batteries was added to the case. Even after the modification there were power supply problems, as the battery holders were easily broken. Only those photometric measurements lasting until the end of the corresponding gravimetric measurements were included in these analyses. There were altogether 308 valid measurements from 47 subjects.
Participants were instructed to carry the case wherever they were moving, but were allowed to place the case ''at arm's length'' during indoor sedentary activities, e.g., on a table or seat nearby. During the night, they were asked to keep the case next to their bed and, if necessary, to put the case into a special sound -insulated night -box. However, the measurement system was sufficiently quiet, and the night -boxes were not needed after the first visits.
There was a shoulder strap for carrying the case, but quite many participants felt the case was heavy to carry along. After a few visits, also backpacks were delivered to participants. After that, only a few participants complained occasionally that the case was too heavy for them. The backpack also served another function: it hid the aluminum container, so that the measurement system did not draw attention from passersby.
Time activity diaries with 15 -min resolution were used to differentiate between the microenvironments ( outdoors, indoors, in vehicle ). In addition, the participants were asked to mark when someone was cooking or smoking in the same room. Thirty -five participants were willing to fill in the time activity diaries, but one person was not able to do it correctly even after several visits. In the beginning of the study, also some other participants had difficulties in filling in the diaries. After excluding these diaries, 253 diaries were left for analysis.
Outdoor relative humidity data were obtained from the network of Helsinki Metropolitan Area Council. All participants lived within 5 km from the measurement site.
One -hour averages were used to evaluate short -term variations in exposure. While calculating the 1-h averages, the 24 -h measurements were first edited. To remove the effect of the researcher moving around, waiting for the flow of the pump to stabilize and calibrating them, 20 min were deleted from the beginning of the measurement. In the end of the measurement 10 min were deleted to remove the effect of checking the flow rate of the pump. To calculate a 1 -h average, at least 54 min had to be available. The effect of relative humidity on photometric results during the time spent outdoors was evaluated by estimating how strongly hourly photometric indoor / outdoor concentration ratios are associated with outdoor relative humidity. The ratios were calculated by dividing the average PM 2.5 concentration of any full hour that the participant spent indoors by the average concentration of the following (or, if there was missing data, preceding ) full hour spent outdoors.
The approach is based on the fact that indoor relative humidity during winter / spring in Finland is usually below 50% ( see, e.g., Koponen et al., 2001 ) due to the large temperature difference between indoors and outdoors. As indoor relative humidity is thus too low to affect photometric reading indoors, any observed dependence of the indoor / outdoor PM 2.5 ratio on outdoor relative humidity would result from the effect of outdoor relative humidity on photometric reading outdoors. It is assumed that other factors influencing the differences between indoor and outdoor PM 2.5 levels are not correlated with outdoor relative humidity.
Results
A typical measurement consisted of long periods of even concentrations and a sudden rise of concentration level and its short -term variation after going outdoors (Figure 2) . Cooking was often marked by a rapid rise and subsequent slower decay of concentration. Out of the 10 highest daily 1 -h maxima ( from persons using the time activity diary ) seven were linked to cooking, two going outdoors and one remained unexplained.
On average, the photometric concentrations were 4.7 g/m 3 higher than the gravimetric concentrations (Table 1. ). The average photometric /gravimetric concentration ratio was 1.37. During the study the ratio was observed to decrease linearly with day of study ( R 2 = 0.19, p <0.0001 ). In January the average ratio was 1.68 and in April 1.10.
Median (95th percentile ) of the photometric daily 1 -h maxima was 26.7 ( 174) g/m 3 . The 1-h maxima are plotted against 24 -h averages in Figure 3 . A good fit was achieved with a quadratic model. Using the quadratic regression, 81.4% of the variation in daily 1 -h maxima were explained with 24-h averages ( p< 0.0001 ). Both 1 -h maxima and 24 -h averages were logarithmically distributed.
There was also a good correlation ( R 2 = 0.861 ) between the 24 -h photometric and gravimetric results (Figure 4 ) . The linear regression equation was y =1.85Â(SE 0.04)À 4.52 ( SE 0.53 ), with p value < 0.0001. As the photometric / gravimetric ratio changed during the study period, a trend variable was added into the regression model in an effort to improve the correlation. However, R 2 improved only slightly, to 0.89.
According to time activity diaries, the participants of the study spent 92.6% of their day indoors, and 1.5% in a vehicle.
During the study the median (range ) 1-h outdoor relative humidity was 89 (39 -100)%. There seemed to be a linear relationship ( p value 0.019 ) between outdoor relative humidity and estimate of photometric indoor /outdoor ratio ( Figure 5 ). The highest two values were excluded from this analysis, as the indoor concentrations were clearly higher than fixed -site outdoor concentrations ( obtained from local measurement network ).
The average indoor /outdoor ratios for measurements done at relative humidity below 60% and above 90% were 0.93 ( N =11) and 0.73 (N = 28), respectively. Thus, the artifact in outdoor concentrations caused by high relative humidity was 22%. Comparison of the two groups gave a p value of 0.029 (equal variance t test ).
Discussion
The photometric -gravimetric personal PM 2.5 monitor proved to be feasible for measurements in community settings. It was quiet enough not to disturb the participants, and unnoticeable to others. It would have been desirable to make the sampler lighter, especially as the participants were elderly people.
The inlet and the cyclone of the sampler were attached to the wall of the case and were not taken to the breathing zone in order to make the measurements less disturbing to the participants. This might cause some bias in the estimation of exposure. However, the participants were instructed to use the backpack or the shoulder strap when carrying the case, and when sedentary to place it on a table or seat nearby. In both cases, the case was at arm's length and the inlet thus close to breathing zone. It is unlikely that there would have been large concentration gradients between breathing zone and the inlet, as PM 2.5 is quite homogeneously distributed because of its small size ( Wigzell et al., 2000 ) .
Change of microenvironment and cooking caused typical exposure patterns in 1 -min photometric data. The observed cooking events manifest the ability of the photometer to respond to rapid changes in concentrations, typical for indoor environments (Long et al., 2000 ) . Using time activity diaries, the value of photometric results is greatly enhanced, as the contributions from different microenvironments and activities as PM sources can be evaluated. Seven out of 10 highest daily 1 -h maxima were linked to cooking, which is a known major indoor source of fine particles. If exposure monitoring had been done at fixed outdoor site, these peak concentrations would have remained undetected. It should be noted here that smoking did not significantly contribute to the exposure peaks, as the study subjects were nonsmoking, and even passive exposure to smoking occurred only during 4% of the 24 -h measurements (Janssen et al., 2000 ) .
The median of hourly values was 10 g/m 3 . As the participants were elderly, retired persons, the exposures were probably lower than for working -age people (see Rotko et al., 2000; Koistinen et al., 2001 ). The median is the same as during wintertime in Baltimore in the study by Chang et al. (2000 ), where field technicians accomplished scripted activities for 12-h periods simulating activities typical of the elderly. The summertime median was higher -19 g/m 3 . The median of the daily 1 -h maxima was over twice the median of the 24 -h averages. The two exposure measures were highly associated ( R 2 = 0.81), but the association was not linear. The strength of association was similar to what Chuersuwan et al. (2000 ) found in their fixed -site outdoor measurements (R 2 =0.62 -0.85). They observed quite many high daily 1 -h maxima occurring also during low 24 -h average concentration days. Use of the 24 -h average as exposure measure conceals part of the short -term variation in concentrations, which might be associated with adverse health effects.
The average photometric /gravimetric ratio ( 1.37) was almost the same as reported by Sioutas et al. ( 2000 ) for MIE DataRAM (diffusion drying tubes used for relative humidity control). There was a clear downward trend in the ratio from winter towards summer in our study. Seasonal dependency of the ratio of photometric concentration to gravimetric concentration has been reported also by Ramachandran et al. ( 2000 ) . It would be possible to calibrate the photometric results against the 24 -h filter samples, but on the other hand the photometric /gravimetric ratio may also depend on the microenvironment (Quintana et al., 2000 ) and thus vary within a day. The correlation between the two methods was also considered more interesting than absolute mass concentrations.
The correlation between the two methods was quite good (R 2 =0.86 ). The use of a size -selective inlet and the use of the active model of personalDataRam instead of the passive one have probably improved the correlation. In a number of other studies correlating mass concentrations to photometric concentrations, diverse study designs have Lanki et al. Photometrically measured continuous personal PM 2.5 exposure been used. In the study by Howard -Reed et al. ( 2000 ) , elderly persons carried filter samplers and passive models of personalDataRAM at the same time. The correlation ( R 2 ) between PM 2.5 and photometer was 0.66. Quintana et al. ( 2000 ) compared PM 2.5 in outdoor air with the results from active personalDataRAM ( inlets heated for relative humidity control ) and got a correlation of 0.62 ( R 2 ). In indoor air the passive model was used, and the correlation was 0.42. Brauer (1995 ) , also used passive personalDataRAM and found good correlations ( R 2 = 0.81 -0.96 ) in indoor air between the photometric and gravimetrical PM 2.5 but weaker correlation in outdoor air (0.50 ).
Part of the difference between the photometric and gravimetric results was probably due to nitrate, which evaporates before filter weighing but is measured with the photometer. Sioutas et al. ( 2000 ) found in ambient and concentrated air correlation of 0.88 ( R 2 ) between MIE DataRAM and nitrate -corrected gravimetric results. When nitrate -uncorrected results were used the coefficient went down to 0.80.
According to time activity diaries the participants spent 92.6% of their time indoors. In Finland, during winter, the indoor relative humidity is low enough ( below 50% ) not to have a detectable effect on the photometric results. Quintana et al. (2000 ) measured relative humidity values between 20% and 60% indoors and found no apparent effect of humidity on the indoor concentrations measured with passive personalDataRAM. Sioutas et al. ( 2000 ) found that for relative humidity lower than approximately 50%, the photometric method gave readings close to those of the gravimetric method.
We were able to evaluate the effect of relative humidity on the photometric outdoor concentrations only indirectly. However, these results suggest that the concentrations measured during the short periods participants spent outdoors are fairly valid. The artefact caused by relative humidity when going outdoors on high relative humidity days was estimated to be in the order of 20%. The study took place during the colder seasons, winter and spring. The effect of relative humidity was probably reduced because the warm measurement case heated the inlet air above the ambient temperature for some time after the participants had gone outdoors.
The effect of relative humidity could be reduced with various techniques such as using a diffusion denuder or a preheated inlet, but their use for personal measurements is problematic. Typically, the denuders cannot operate for 24 h without replacement of the absorbing material. The preheated inlet needs an additional power source, gaining even more weight for the measurement system. Quintana et al. ( 2000 ) also found that even using a preheater provided by the manufacturer of pDR, some effect of relative humidity remained. Adding a datalogger for relative humidity would allow for correcting the results afterwards.
Although the growth of particles with increasing relative humidity can depend strongly on particle material and size (McMurry and Stolzenburg, 1989 ) , in some conditions the water uptake is a more simple function of relative humidity (Richards et al., 1999 ) .
Conclusions
In this study, significant short -term variation in PM 2.5 concentrations was found in Helsinki, Finland. The median of daily 1-h maxima was twice the median of 24 -h average concentrations. The daily 1-h maxima were strongly associated with the daily means, but the association was not linear. Use of 24 -h averaging time conceals the shortterm variation, which might have health relevance.
The photometer proved to be a useful tool for measuring the short -term variation in concentrations. On a 24-h level, the photometric method correlated well with the gravimetric method. The estimated effect of relative humidity on photometric concentrations was quite low even outdoors. If the photometers are used mainly outdoors, it is advisable to try to control the effect of relative humidity by measuring it continuously, or by using, for example, a preheated inlet.
